Fixture composed of 304 stainless steel (SUS304) and 440C stainless steel (SUS440C) was employed for inducing the thermal stress to 316L stainless steel and oxygen free copper (SUS316L/OFC) cylinders to achieve diffusion bonding. For comparison, the same combination was bonded using the conventional diffusion bonding method, i.e. heating in vacuum under constant pressure. Although the thermal stress-based diffusion bonding is conducted in charcoal-reformed air, the bonding starts from 673 K. This temperature is relatively low as compared with the conventional method (873 K). Furthermore, the joint fabricated using the thermal stress-based method exhibits higher joint efficiency than one prepared using the conventional method. The highest tensile strength is attained at 1073 K and comparable to one of OFC. The bonding deformation of the thermal stress-based method is smaller than with the conventional method, since the fixture does not apply excess pressure to the diffusion couple. Thus the thermal stress-based diffusion bonding method is a promising and may be superior to the conventional method from view points of simplicity and bondability.
Introduction
Diffusion bonding apparatus normally consists of atmosphere controller, press machine and heating system. Thus, the apparatus may be complicated and expensive.
According to a literature and our previous studies, the diffusion bonding method based on thermal stress enables us to bond sheet metals without such apparatus. 13) Using this thermal stress-based diffusion bonding method, one of the authors (M. Narui) has prepared copper alloy/silver alloy multilayered sheets and created a hand-hammered work "Mokume-gane incense burner," which is selected for 37th Japan traditional metalwork exhibition. The thermal stressbased diffusion bonding method is performed using a specially designed fixture, which consists of several metals with different thermal expansion coefficients. At elevated temperature, thermal stress is induced and such stress is employed to diffusion bonding. It should be noted that this bonding method does not require vacuum, but can be conducted in the charcoal-reformed air, i.e. the fixture and the charcoal are heated together. 2, 3) In recent years, the diffusion bonding is normally conducted under a constant bonding pressure using hydraulic/mechanical pressing method and so on. 49) In contrast, the bonding methods which employ a non-constant bonding pressure, such as thermal stress, are less investigated. In early days of research on diffusion bonding, metals such as copper and aluminum, are fixed using steel bolts, and heated. 10) This diffusion bonding method partially uses thermal stress, which is induced by the difference in thermal expansion coefficients of steel, copper and aluminum. Similar cases can be found in bonding of aluminum alloy/stainless steel cylinder 11) and sintered parts. 12, 13) However, there is no systematic investigation on the diffusion bonding method based mainly on thermal stress. In this study, we investigated the thermal stress-based diffusion bonding method using a bonding couple of 316L stainless steel (SUS316L) cylinder/oxygen free copper (OFC) (JIS C1011) cylinder. In addition, the same SUS316L/OFC diffusion couple is bonded using the conventional bonding apparatus for comparison.
Experimental Procedures
Cylinders for the bonding couple are prepared from SUS316L and OFC round bars (diameter of bars: 12 mm) using a lathe. The length of fabricated cylinders was 30 mm and the bonding surface was lathe-turned. Prior to assembling the bonding couple, the cylinders were ultrasonically cleaned using acetone. Figure 1 shows the schematic illustration of a fixture for the thermal stress-based diffusion bonding method. The fixture consists of 304 stainless steel (SUS304) (thermal expansion coefficient: 18.6 © 10 ¹6 K ¹1 ) and 440C stainless steel (SUS440C) (thermal expansion coefficient:
). 14) After inserting the SUS316L/OFC bonding couple, the fixture was fixed using hexagonal nuts and, without airtightness, sealed in a stainless steel cylinder container (diameter: 170 mm; height: 270 mm) with charcoal 100 g (made from oak in Iwate, Japan) for oxidation prevention. In the electric furnace (KDF-S90), the container is heated at a rate of 10 K/min and kept at the bonding temperature for 120 min. According to the thermocouple welded to the bonding couple, there is no temperature difference between the furnace temperature and the temperature of the bonding couple, although the delay time between the furnace and the bonding couple is relatively large (³30 min).
The SUS316L/OFC bonding couple is also bonded using the conventional diffusion bonding apparatus. The details the apparatus are in our previous report. 15) Briefly, 10 MPa compressive pressure was applied to the SUS316L/OFC bonding couple, and the apparatus was evacuated using a turbo molecular pump. After reaching a high vacuum (³ 2 © 10 ¹3 Pa), the bonding couple was heated at a rate of 100 K/min and kept at the bonding temperature for 120 min using 7.5 kW high-frequency induction heating system (FIH-702; Fuji Electric Industrial Co. Ltd., Japan).
In both two cases, the deformations of cylinders were measured using a venire caliper when the bonding was completed and the temperature of the joint reached to room temperature. It should be noted that, in following, the deformation of OFC is adopted as a bonding deformation, since no deformation is detected on SUS316L cylinder.
The mechanical properties of diffusion bonded joints are measured using a tensile testing machine at room temperature. The crosshead rate was set as 0.5 mm/min. When the tensile strength of the diffusion bonded joint is larger than the half of the tensile strength of OFC, the diameter around bonding interface is reduced to 8 mm using the lathe. The parallel length of the reduced section is adjusted to 16 mm. The fracture surfaces are observed using field emission scanning electron microscope (FE-SEM) (S-4200; Hitachi high-technologies Co. Ltd., Japan) equipped with energy dispersive X-ray spectroscopy (EDS).
Results and Discussion
3.1 Characteristics of thermal stress applied to bonding couple Since the thermal expansion coefficient of SUS304 is larger than one of SUS440C, thermal stress will be applied to the SUS316L/OFC bonding couple. Thus, OFC cylinder is subject to deformation, because the yield strength of OFC is the smallest in the fixture. In this study, the bonding deformation is defined as "l/l where "l is the length change of OFC cylinder and l (= 30 mm) is the initial length of OFC cylinder. Figure 2 shows the bonding temperature-dependence of "l/l. It is clear that the bonding deformation is a few % and increased at high bonding temperature. The calculated "l/l, which is computed from the size of fixture and the thermal expansion coefficients of consisting materials, is also shown as a dotted line and is in good agreement with the experimental results at more than 773 K. Thus, the deformation of OFC could be described by the size and materials of the fixture when the bonding temperature was high enough. Although further experiments are required for discussion, the relatively small bonding deformation at low temperature, such as 573 K, may be related to the lathe-turned surface of specimen cylinders and the fixture. We believe that since the lathe-turned surface consists of concave and convex portions, the deformation at the initial stage may easily occur as compared with the case of flat surface. Accordingly, applied thermal stress might be relaxed, and it results in the small bonding deformation.
In contrast, the large deformation (³8%) is observed at 1073 K in the case of the conventional method. This is because the applied pressure is 10 MPa constant at any temperature, although the yield strength of OFC is decreased at high temperature. Thus, the thermal stress-based method can minimize the deformation as compared with the conventional method.
The pressure applied to the bonding couple is estimated using the calculated "l/l and Young's modulus of OFC 16) and SUS316L (Fig. 3) . As shown in the figure, the thermal stress induced by the fixture may reach 1 GPa at 583 K, although the stress relaxation related to the lathe-turned surface and the deformation of OFC may start at lower stress. To estimate the maximum applied pressure, the temperature dependence of the tensile strength of OFC 16) is also plotted in Fig. 3 . According to the figure, even though the temperature is only 353 K, the pressure applied to the bounding couple may reach 200 MPa, which is comparable to the tensile strength of OFC and is 20 times larger than one of the conventional diffusion bonding apparatus (10 MPa). Figure 4 shows the relation between the bonding temper- ature and the tensile strength of the joints fabricated by the thermal stress-based diffusion bonding method. For comparison, a long OFC cylinder (12 mm in diameter and 60 mm in length) was also heat-treated at the same condition as the diffusion bonding, and was subjected to tensile testing (the result is indicated as OFC base metal). It is clear that the bonding starts from 673 K, and the tensile strength almost reaches to the base metal at 1073 K. Joint efficiency is calculated by dividing the tensile strength of the diffusion bonded joint by the tensile strength of OFC (Fig. 5) . The joint efficiency of the conventional bonding method is also shown. Even though the bonding atmosphere of the thermal stress-based method is only the charcoal-reformed air, the diffusion bonded joint fabricated by the thermal stress-based method exhibits enhanced joint efficiency.
Mechanical properties of joints bonded by the thermal stress-based method
To reveal the origin of the improvement in joint efficiency, the tensile fracture surfaces are observed using FE-SEM equipped with EDS. Figure 6 shows results of the diffusion bonded joint fabricated by the thermal stress-based method at 1073 K. According to EDS maps of the fracture surface of OFC cylinder side, Cu is homogeneously distributed while few Fe are detected. In contrast, in the case of the fracture surface of SUS316L cylinder side, Cu is detected at white region, i.e. roughened region, in the FE-SEM image. Since Fe is not detected at the white region, the region could correspond to bonded area and the tensile rupture may occur at OFC side. At the gray region in the FE-SEM image, Fe is detected while Cu is absent. This indicates that the gray region is non-bonded area. Thus, the convex area of the latheturned surface may results in bonded while the concave area remains as non-bonded. It should be noted that the tensile strength of the SUS316L/OFC bonded interface may be larger than one of OFC, since the tensile rupture occurs at OFC.
FE-SEM images of SUS316L side of fracture surfaces have been adopted to estimate the area ratio of bonded area to bonding cross-section (Fig. 7) . Using five FE-SEM images acquired from the fracture surface and the ratio is measured using the point counting method (in accordance with JIS G-0555) (Fig. 8) . It is clear that the bonded area ratio of the thermal stress-method is larger than the conventional method. To illustrate the relation between the bonded area ratio and the joint efficiency, the joint efficiency is plotted as a function of the bonded area ratio (Fig. 9) . It is clear from the figure that the large bonded area ratio results in the enhanced joint view of (a). The dotted line is computed from the calculated deformation under the assumption that the pressure is lineally related to the deformation and no plastic deformation occurs. Since the yield stress of OFC is only several tens MPa, the plastic deformation starts only at ³313 K and applied pressure may be decreased. The heavy solid line in (b) indicates the estimated possible maximum applied pressure, which might be described by the tensile strength of OFC. Fig. 4 Bonding temperature-dependence of tensile strength of SUS316/ OFC joint bonded using the thermal stress-based method. The OFC base metal denotes the tensile strength of OFC cylinder treated by the same thermal process. efficiency. However, the plots of the present thermal stressbased method are not on the line of the conventional method, but exhibit higher joint efficiency. This could be explained by the bondability enhancement at high pressure, which has been reported by and K. Nishiguchi et al. and Y. Takahashi et al. 1719) According to their studies, the power law creep has significant influence on bondability when the applied pressure is relatively large, such as tens MPa.
To further enhance the joint efficiency, the thermal stressbased bonding is conducted in vacuum. As shown in Figs. 4 and 5, the joints fabricated in vacuum exhibit higher tensile strength and joint efficiency as compared to other methods, and this could be attributed to the increase in the bonded area ratio (details are under investigation).
According to our previous study on the bonding couple consisted of lathe-turned cylinders, when the bonded area ratio was more than 40%, the gap between cylinders are isolated from atmosphere. 20) Thus, a sophisticated bonding procedure for preventing oxidation and improving joint efficiency could be written as: firstly, at the room temperature, apply the compressive pressure which brings the bonded area ratio to 40%. Next, heat the bonding couple for diffusion and, in accordance with the temperature-depend- ence of the yield strength of the bonding couple, reduce the applied pressure to suppress the deformation. This procedure could be attained using such as the two-step method in literature. 21) In contrast, without steps or controlling the pressure as a function of temperature, the present thermal stress-based method can easily attain such sophisticated bonding procedure: the relatively large pressure is applied at low temperature and, in accordance with temperature increase, the pressure is decreased to the yield strength of the bonding couple. Accordingly, the larger bonded area ratio, the enhanced joint efficiency and the smaller deformation has been attained as compared with the one of the conventional bonding method. It should be noted that, although further experiments are required, a native oxide of Cu cylinder may be cracked by the large thermal pressure at low temperature and this could also improve diffusion bondability of OFC to SUS316L.
Conclusion
To compare the thermal stress-based diffusion bonding method and the conventional diffusion bonding method, the SUS316L/OFC bonding couple was bonded using these two methods and the fabricated diffusion bonded joints were subject to tensile testing. Characteristics of the thermal stressbased diffusion bonding method are followings:
(1) Although the thermal stress-based diffusion bonding method is simple and low-cost, the joint efficiency of the bonded couples is better than one of the conventional method. (2) Even at 353 K, the thermal stress induced by the fixture can reach the tensile strength of OFC. Thus, the oxidation of the bonding surfaces during heating is minimized by the plastic deformation of OFC and the bonding can be conducted even in the charcoalreformed air. Accordingly, the large bonded area ratio and the enhanced joint efficiency are attained. The heating in vacuum further enhances the joint efficiency (details are under investigation). (3) The deformation of the bonding couple can be described by the size and consisting materials of the fixture. Thus, by optimizing the fixture, the deformation can be minimized and, in this study, is smaller than the conventional method.
